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Abstract
Temperature dependencies of microwave surface impedance, Zs(T, ω) = Rs(T, ω) + iXs(T, ω),
were measured for perfect c-oriented YBCO thin films deposited on CeO2–buffered sapphire sub-
strates. The measurements were performed with a use of three copper cylindrical resonators operat-
ing at H011 mode (f = 34, 65, 134 GHz), which incorporated the studied YBCO films as end plates.
The measurements revealed a distinct two-peak structure of Rs(T ) and Xs(T ) dependencies with
peaks at 28–30 K and 50 K. The peaks become smeared at higher frequencies as well as in applied
dc magnetic field (∼ 1 kOe), while the peak positions remain almost unchanged. For less perfect,
e.g., PLD films, Rs(T ) and Xs(T ) dependencies are monotonous (power law). The two-peak Zs(T )
dependencies for YBCO films differ from those for high quality YBCO single crystals, where only
one much broader frequency-dependent peak of Rs(T ) was detected earlier. The two-peak Zs(T )
behavior is believed to be an intrinsic electron property of extremely perfect quasi-single-crystalline
YBCO films. A theoretical model is suggested to explain the observed anomalous Zs(T ) behavior.
The model is based on the Boltzman kinetic equation for quasiparticles in layered HTS cuprates. It
takes into account the supposed s+d–wave symmetry of electron pairing and strong energy depen-
dent relaxation time of quasiparticles, determined mainly by their elastic scattering on extended
defects parallel to the c–axis (e.g., c–oriented dislocations and twin boundaries).
PACS numbers: 74.25.Nf, 74.72.Bk, 74.78.Bz
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I. INTRODUCTION
Measurement of the surface impedance Zs(T, ω) = Rs(T, ω) + iXs(T, ω) in high-Tc su-
perconductors (HTS) in the microwave frequency range is one of the most effective and
frequently used methods to study electron properties and mechanisms of superconduc-
tivity in these materials. Such measurements, performed on high quality HTS single
crystals or perfect single-crystalline films, allow to obtain in a straightforward way the
temperature and frequency dependencies of the complex ac conductivity of the materi-
als σ(T, ω) = σ1(T, ω) − iσ2(T, ω) in the microwave frequency range, that in turn yield a
complimentary information on microscopic electron properties of HTS, such as low-energy
quasiparticle excitations from the superfluid condensate, their scattering rate and density of
states, the symmetry of Cooper pairing, etc. Numerous experimental and theoretical studies
of the microwave response carried out during the last decade have revealed a lot of interest-
ing features of the superconducting state in HTS metal-oxide compounds and partly shed
a light on the nature of superconductivity in these materials (e.g., d–wave type of Cooper
pairing).1,2,3,4,5,6,7,8,9
However, up to date there is no comprehensive understanding of microwave response in
HTS. In particular, this concerns the temperature dependence of surface resistance Rs(T, ω)
in highly perfect single crystals and epitaxial films, where nonmonotonous character of this
dependence with a wide peak below Tc was observed by many investigators. Unfortunately,
there are still some difficulties in its understanding and explanation in the framework of ex-
isting theoretical models.10,11,12,13,14,15,16 In the present work we demonstrate for the first time
that the nonmonotonous character of Rs(T ) in epitaxially-grown single-crystalline YBCO
films can be even more complicated than it was suggested before: in our experiments Rs(T )
curves have two distinct rather narrow peaks at quite different temperatures T1,2 (T1 = 25–
30 K, T2 ≈ 50 K). This observation clearly indicates that the microscopic scenario of electron
properties in HTS (YBCO) is more intriguing and sophisticated than it was assumed before.
The temperature dependence of microwave surface resistance, Rs(T ), in YBCO perfect
single crystals1,2,3,4,5,6 and epitaxially grown single-crystalline thin films7,8,9 observed in a
number of experiments performed by different groups, turned out to be nonmonotonous and
revealed a pronounced broad peak at T ≤ Tc/2. The temperature position and height of
the peak depend on frequency and crystal quality. It was shown also that the peculiarity of
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Rs(T ) is very sensitive to the crystal defect density. For instance, impurities (point defects)
suppress the peak of Rs(T ).
1,9 Analysis of these experimental data, based on the phenomeno-
logical approach assuming the Drude form of microwave conductivity for thermally excited
quasiparticles σ(T, ω) = (nq(T )e
2/m) [iω + τ−1(T )]
−1
,2,3 sheds a light on the nature of ob-
served σ(T, ω) peaks and explains also (at least qualitatively) its frequency dependence and
suppression of the peak by impurities.1,9 This approach allows also to extract the value of
quasiparticle relaxation time τ(T ) directly from microwave measurements of Rs(T ). The
τ(T ) value in perfect single crystals appears to be strongly increasing with the temperature
lowering and reaching the saturation value of order 10−10–10−11 s at low temperatures (below
20 K).2,3
In the present work the Zs(T, ω) = Rs(T, ω)+ iXs(T, ω) dependencies are studied exper-
imentally and theoretically for the most perfect YBCO films in order to establish relation
between the microwave response and the defect nanostructure. The first observation of two-
peak behavior of the Rs(T, ω) as well as Xs(T, ω) dependencies is presented and a relevant
theoretical model is developed.
II. EXPERIMENTAL
Two-peak temperature dependencies of microwave surface resistance, Rs(T ), have been
observed for the first time in c–oriented perfect YBCO thin films of various thickness (d ≈
150–480 nm) deposited by off-axis dc magnetron sputtering onto CeO2-buffered r-cut single-
crystalline sapphire substrates of 14 × 14 mm2 size. Microwave measurements were per-
formed with a use of cylindrical pure copper cavities 2, 4 and 8 mm in diameter. One of
flat bases of the cavity was a film under study. The measurements were performed using
H011 mode at the frequencies of 134, 65 and 34 GHz. Several dc off-axis magnetron sput-
tered (MS), as well as pulse laser deposited (PLD), YBCO films have been measured in
the temperature range from 18 to 100 K. Some films revealed a distinct two-peak structure
of Rs(T ) and Xs(T ) dependencies with peaks at 25–30 K and 48–51 K (Figs. 1, 2). The
peaks are much more pronounced at the lower frequency, while their temperature positions
remain almost unchanged at any frequency. For less perfect films (e.g., PLD) characterized
by a higher density of crystal lattice defects, the Rs(T ) and Xs(T ) dependencies appear
to be monotonous (power law) and similar to those obtained in previous works.7,9,17,18 The
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FIG. 1: Temperature dependencies of the surface resistance Rs(T ) for three films (#48, #35 and
#10) at 34 GHz. Rs(T ) for Cu is shown for comparison.
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FIG. 2: Temperature dependencies of the penetration depth λac(T ) for the film #35 at three
different frequencies.
two-peak peculiarity observed for both Rs(T ) and Xs(T ) is believed to be an intrinsic elec-
tronic feature of perfect quasi-single-crystalline YBCO films. The two-peak behavior is not
detected in much smaller YBCO single crystals and in experiments with a use of strip-line
resonator measurement technique, which requires film patterning.
The observed dependence differs from that for perfect YBCO single crystals, for which
only one much broader frequency dependent peak of Rs(T ) was detected.
2,3,6 Some pecu-
liarities of the two-peak character of Rs(T ) and Xs(T ) dependencies are shown in Figs. 2–5.
The two-peak dependencies of Rs(T ) for one of the most perfect YBCO film are presented
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FIG. 3: Rs(T ) dependencies for the most perfect film (#35) at three different frequencies.
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FIG. 4: Rs(T ) dependencies for the same film and frequencies as in Fig. 3 normalized by ω
2.
in Fig. 3 for three different frequencies, while Fig. 4 shows these dependencies normalized by
ω2. The corresponding dependencies of penetration depth λac = Xs(T )/ω for the same film
are shown in Fig. 2 for the same three frequencies. Fig. 5 demonstrates the effect of aging
and the influence of applied dc magnetic field on the two-peak structure of Rs(T ). One can
see that the specimen aging as well as application of dc magnetic field lead to smearing of the
peaks. Moreover, dc magnetic field shifts the peak positions to slightly higher temperatures.
It is well known2,6 that in superconductors at microwave frequencies and not too high
temperatures (T < Tc) usually one has Rs(T, ω) ∝ ω
2σ1(T, ω), where σ1(T, ω) is the real part
of microwave conductivity of superconductor σ(T, ω) = σ1(T, ω)−iσ2(T, ω). So, the observed
scaling of the Rs(T, ω)/ω
2 curves shown in Fig. 4 means that σ1(T, ω), which is determined
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FIG. 5: Effects of aging and applied dc magnetic field on the Rs(T ) dependence of the film #35
at 34 GHz.
by the contribution of thermally excited quasiparticles, almost does not depend on frequency
within the studied frequency range: σ1(T, ω) ≈ const(ω) except the vicinity of peaks, where
it is falling down rapidly with the increase of frequency. The λac(T, ω) behavior is rather
similar as it is shown in Fig. 2. Thus, our experiments on perfect single-crystalline YBCO
films have revealed the new type of nonmonotonous two-peak temperature dependence of
Zs(T, ω), essentially different from the single-peak nonmonotonous behavior observed before
for perfect single crystals and films. It should be noted also, that these observed for the first
time two peaks of Zs(T ) dependence for the most perfect films are much more narrow in
the temperature scale than the single peak of Zs(T ) for single crystals mentioned above.
2,3,6
Quite similarly to the case of single crystals, these peaks become suppressed, when frequency
increases or for less perfect specimens.
The substantial difference between Rs(T, ω) values of YBCO epitaxially-grown highly
biaxially-oriented films and YBCO single crystals is shown to exist, increasing with temper-
ature, T → Tc. This difference is supposed to be due to essentially different crystal defect
spectra in YBCO epitaxial films and single crystals.
Perfect quasi-single-crystalline YBa2Cu3O7−δ films exhibit several times higher microwave
surface resistance than YBCO single crystals. A different dimensionality of crystal defects
in YBCO single crystals and thin films is supposed to be responsible for the difference.
In general, two major types of crystal defects (point and planar, i.e., oxygen vacancies
and twins) are known to be most essential for electromagnetic behavior of YBCO single
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crystals. The nonmonotonous Rs(T, ω) dependence with a large broad peak is mostly pro-
nounced in untwined crystals, where only point defects are essential for electron scattering
at low temperatures.2,3,5 In a contrast, c–oriented extended defects, such as out-of-plane
dislocations17,18,19,20,21,22,23,24,25 and twin boundaries, which in the case of YBCO films usu-
ally form much more dense network than in single crystals,26,27,28,29 are currently shown to
be the most important ones for perfect epitaxially grown YBCO films. Despite the perfect
crystallinity, different types of linear defects (dislocations), as well as dislocation arrays,
have been identified by TEM/HREM in these films.19,20,21,22 In order to understand the
high-frequency electromagnetic behavior of these films, the existence of edge dislocations
arrays should be taken into account, in particular, out-of-plane edge dislocations, associated
with low-angle tilt dislocation boundaries. TEM/HREM/XRD/AFM characterization of the
films under study revealed a smooth surface (peak-to-valley is 2 nm), high average in-plane
density of out-of-plane edge dislocations (1010–1011 cm−2) and a big size of single-crystalline
domains (〈D〉 = 250 nm), which are separated by low-angle dislocation boundaries. In-plane
misalignment of the domains is as low as 0.5–1.0◦.17,18
Basing on this difference of defect structures of YBCO perfect films and single crystals,
in the next section we will suggest a model, which can explain (at least qualitatively) the
main features of the observed two-peak nonmonotonous behavior of Rs(T ) dependence in
perfect YBCO films, as well as the difference from a single-peak Rs(T ) dependence in single
crystals.
III. THEORETICAL MODEL
The value of microwave surface resistance Rs(T, ω) in a linear regime of microwave re-
sponse of superconductor at zero applied dc magnetic field is directly determined by the
real part σ1(T, ω) of high-frequency electron conductivity σ(T, ω) = σ1(T, ω)− iσ2(T, ω) of
superconductor:
Rs =
1
2
µ20 λ
3
L(T ) σ1(T, ω), (1)
while the surface reactance Xs(T, ω) is determined by the ac penetration depth λac(T, ω),
which in principle may be different from the London penetration depth λL(T ):
Xs(T, ω) = µ0 ωλac(T, ω), (2)
8
λac(T, ω) = λL(T ) + δλn(T, ω), (3)
where δλn(T, ω) is the contribution of excited quasiparticles to the screening properties of
superconductor.
Thus, the observed peaks of Rs(T ) dependence reveal also the temperature dependence of
σ1(T, ω), because the London penetration depth λL(T ) in Eq. (1) is a monotonous function of
temperature. Similarly, peaks in Xs(T ) and λac(T ) dependencies accordingly to Eqs. (2), (3)
are related also to the contribution of the normal component of electron fluid. The σ1(T, ω)
value is generally ascribed to the contribution of “normal” component of electron fluid
to the ac conductivity in the framework of so-called “two-fluid” model of superconductor.
It should be mentioned that the phenomenological “two-fluid” model, which is frequently
used for description of microwave properties of superconductors,1,2,3,6 also follows from the
microscopic BCS theory. A very essential feature of the microscopic approach is that the role
of normal component of electron fluid in superconductor is played by a gas of Bogolyubov
quasiparicles, which are determined as a superposition of electron and hole states in a
normal Fermi liquid. Due to this circumstance, the normal electron fluid in superconductors
has quite different properties comparatively to those in a normal metal.30,31 We will take
into account the peculiarities of the “normal” electron fluid of Bogolyubov quasiparticles
in superconductor and will show that the principal features of HTS microwave response,
including the observed two peaks of Rs(T ) and Xs(T ) dependencies, can be qualitatively
explained using the Boltzman kinetic equation approach for Bogolyubov quasiparticles with
a few additional assumptions about the symmetry of superconducting state in HTS and its
dependence on the concentration of static defects (impurities, oxygen vacancies, dislocations,
etc.). Namely, we will assume that the case of anisotropic s+d pairing is realized32,33,34 (see
Fig. 6):
∆p = ∆0 +∆1 cos(2ϕ), ϕ = arctan (py/px) , (4)
and the relation between angle-dependent components ∆i of the pairing potential ∆p de-
scribed by Eq. (4) is rather sensitive to the defect concentration and to different kind of
borders (e.g., film surfaces and twin boundaries).33,34
In order to calculate the contribution of Bogolyubov quasiparticles to the conductivity
value at microwave frequencies we will use the Boltzman kinetic equation for nonequilibrium
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FIG. 6: Schematic representation of anisotropic pairing and scattering processes: (a) 3D scattering
on point-like defects; (b) in-plane scattering on extended defects; (c) scattering of quasiparticles in
the momentum space in the case of s+d pairing.
distribution function of quasiparticles f(p). This approach is well known and was widely
used for theoretical consideration of electron kinetic properties in normal metals.35 Due to its
relative simplicity it allows in principle to take into account peculiarities of electron spectrum
and Fermi surface in HTS36,37 as well as different mechanisms of electron scattering. This
approach was argued on the base of microscopic BCS theory in the quasiclassical limit for
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quasiparticles in superconducting state.38,39,40 The Boltzman equation in this case may be
written in the form:38
∂f
∂t
+ vg(p)
∂f
∂r
+ e∗(εp)E(r, t)
∂f0
∂p
= −
f − f0
τ(εp)
, (5)
where εp =
√
ξ2
p
+∆2
p
is the energy of quasiparticles; ξp = vF (p − pF ) is the energy of a
normal electron in a vicinity of the Fermi surface, vF and pF are the Fermi velocity and
momentum, respectively, f0 is the equilibrium Fermi distribution function of quasiparticles,
vg(p) = vF (p) (ξp/εp) is the group velocity of quasiparticles, e
∗(εp) = e (ξp/εp) is the quasi-
particle charge, which is different from the normal electron charge e, because a Bogolyubov
quasiparticle is a superposition of electron and hole states in the Fermi liquid,31 τ(εp) is the
relaxation time of quasiparticles, which in the case of elastic scattering by static defects can
be calculated from the following well known expression:38
τ−1(εp) =
2pi
~
∫
| Mp,p′ |
2 l2(p,p′) δ(εp − εp′)
d3p′
(2pi~)3
. (6)
Integration in Eq. (6) is performed in the vicinity of the Fermi surface. Mp,p′ is the matrix
element of electron scattering on the defect. l(p,p′) is the so-called “coherence factor”:
l2(p,p′) =
(
1 +
ξpξp′ −∆p∆p′
εpεp′
)
, (7)
which describes the difference between scattering of quasiparticles comparatively to usual
electrons in the framework of BCS theory31 and provides a strong dependence of the relax-
ation time on the quasiparticle energy even in the case of elastic scattering on static defects.
In the case of isotropic s–wave pairing and scattering on point-like defects this dependence
can be estimated as:38
τi(εp) ≈ τn (εp/ξp). (8)
So, τi(εp) diverges at the edge of the gap when p→ pF and the group velocity vg goes to
zero. For the sake of simplicity we have assumed in Eq. (6) that all defects in the crystal
lattice are identical and can be characterized by the same matrix element Mp,p′ . If there
are several kinds of scattering defects, e.g., point-like (oxygen vacancies) and extended ones
(dislocations, twin boundaries) oriented along the c–axis, as they usually are in the case of
epitaxial films and as it was discussed in the previous section, it follows from Eq. (6) that:
τ−1(εp) ≈ τ
−1
i (εp) + τ
−1
ext(εp). (9)
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FIG. 7: Energy dependence of the relaxation rate τ−1(ε) for the case of d– or s+d–electron pairing
and predominant scattering on extended linear defects.
The energy dependencies of the relaxation rates in the right hand side of Eq. (9) for
point-like and extended defects may be quite different because point like defects can scatter
electrons in all directions of momentum space, while scattering on extended defects can
proceed only with a conservation of momentum along the c–axis. This becomes especially
important for layered HTS materials, where electrons move mainly within Cu-O layers. In
the case of d–wave or assumed s+d (or other type) anisotropic pairing, an additional strong
dependence of the relaxation time on the quasiparticles energy εp has to appear due to a
confinement of momentum space, where the quasiparticle can be scattered, with a decrease
of εp. This effect follows directly from Eq. (6) due to the δ–function term in the integrand.
In a certain sense, this effect can be considered as an analogue of Andreev reflection of
quasiparticles in the momentum space (Fig. 6). The confinement of momentum space for
quasiparticle scattering is mostly essential for the scattering on extended defects, leading
to a very rapid increase of τext(εp), when εp decreases and approaches the value ∆max
(∆max = max (∆p)) as it is shown in Fig. 7:
τ−1ext(εp) ∝ arcsin
(
εp
∆max
)
. (10)
The general solution for the quasiparticle ac conductivity can be obtained from Eq. (5) by
a usual manner.41 The real part σ1(T, ω) can be written in form:
σ1(T, ω) =
∫
e2v2g(εp)τ(εp)
1 + ω2τ 2(εp)
(
−
∂f0
∂ε
)
d3p
(2pi~)3
. (11)
A strong temperature dependence of σ1(T, ω) as well as its frequency dependence arise
12
usually due to the (−∂f0/∂ε) term in the integrand of Eq. (11). Quite formally this solution
can be rewritten in the Drude-like form:
σ1(T, ω) =
nn(T )e
2
m
〈
τ(εp)
1 + ω2τ 2(εp)
〉
T
, (12)
where nn(T ) is the effective concentration of thermally excited quasiparticles, 〈...〉T denotes
thermal averaging. As it was originally supposed in Refs.2,4,5, the nonmonotonous character
and appearance of Rs(T ) peak dependence as well as its frequency dependence can be
explained properly by a strong increase of quasiparticle relaxation time with temperature
lowering according to the Drude expression for the ac conductivity σ1(T, ω). The peak
position corresponds to the condition τ−1(T ) ≈ ω. We suppose that this explanation is
valid also in our case, when two peaks are observed. The emergence of two peaks instead of
one can be explained by existence of two different ∆max values for the assumed case of s+d
pairing (see Fig. 6), while the sharpness of these peaks comparatively to the peak in single
crystals is determined by a very strong energy dependence of the relaxation time (Eq. (10)),
when quasiparicles are scattered preferably by extended defects (see Fig. 7). This strong
energy dependence of τext transforms into sharp peaks of σ1(T ) according to Eq. (12).
The present model can explain also some additional features of the microwave response
of YBCO films, such as (i) smearing of peaks with the frequency increase, (ii) lowering of
Rs(T ) and smearing of peaks with an increase of point-like defect concentration, (iii) general
quasi-linear behavior of Rs(T ) at moderate temperatures.
IV. DISCUSSION
The obtained results shown in Figs. 1–5, that is the nonmonotonous two-peak structure
of Zs(T, ω) in perfect single-crystalline YBCO epitaxial films, is a strong argument for the
scenario of anisotropic electron pairing in HTS. The observed for the first time two-peak
peculiarity of Zs(T ) dependence for the most perfect single-crystalline YBCO films, as well
as the difference from nonmonotonous Zs(T, ω) dependence for perfect single crystals (and
also some less perfect films), can be explained, using just two assumptions: (i) the anisotropic
s+d character of electron pairing and (ii) the dominant role of extended c–oriented defects
in electron scattering processes. These assumptions look quite natural with regard to thin
films, where surfaces and/or twin boundaries can lead to more complicated character of
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electron pairing than the pure d–wave pairing in perfect single crystals.33,34 On the other
hand, the extended c–oriented linear or planar defects (most probably, out-of-plane edge
dislocations and twins) can play a dominant role in electron scattering. In the case of
untwined single crystals there are no extended defects. Therefore, only point defects are
essential for electron scattering at low temperatures. The above two assumptions, which
seem to be specific for thin films, distinguish them from single crystals and, thus, provide
the difference in microwave response: one broad peak of Rs(T ) for single crystals and two
sharp peaks for perfect films. For less perfect films with a higher number of point defects
and in the case when only pure d–wave pairing takes place, their behavior at microwave
frequencies is rather similar to that of single crystals.
The observed two peaks of Rs(T ) are much more narrow comparatively to the single peak
for perfect single crystals due to different defect structures in films and single crystals as it
was discussed above. Namely, a large number of extended defects along with an anisotropic
pairing can lead to emergence of a sharp peak at T ∼ ∆max(T ) as it follows from Eq. (11).
The second peak at a lower temperature is caused by the anisotropy of pairing potential
(existence of two different values ∆max for different directions in momentum space in the
case of s+d electron pairing as it is shown schematically in Fig. 6). The present model
for quasiparticle conductivity allows also to understand the frequency dependence of the
observed peculiarities and their smearing, when the number of point-like defects increases
leading to an increase of τ−1i (εp). It should be noted, that in a contrast to suggestions made
in some theoretical works, it does not seem to be necessary to take into account a contribution
of inelastic quasiparticle scattering by collective excitations (magnons, phonons, etc.). The
two-peak temperature dependence of σ1(T, ω) can occur in accordance to Eq. (12) even in
the case of elastic scattering by extended static defects due to additional effect of anisotropy
caused by anisotropic s+d–wave pairing, which leads to the confinement of momentum space
available for scattered quasiparticles as it was discussed above.
V. CONCLUSION
The observed two-peak character of Rs(T ) dependence is an feature of the most perfect
quasi-single-crystalline YBCO films, characterized by a smooth surface, low concentration of
defects, large domain size and low-angle boundaries between them. The Rs(T ) dependence
14
in less perfect films is monotonous. We suppose that the two-peak character of Rs(T ),
observed experimentally for the first time, is an intrinsic fundamental property and reveals
the peculiarities of anisotropic electron pairing, which manifests in the microwave electron
response and can be properly described using the Boltzman kinetic equation approach for
Bogolyubov quasiparticles.
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